Sistema Muévelo Rico is a 1.2 km long cave in Quintana Roo, less than 2 km from the Caribbean Sea. We measured illuminance to a level of 0.1 lux, organic matter (weight loss on ignition), temperature, and relative humidity. The last two were measured at hourly intervals for nearly one year. Approximately one-third of the cave has illuminance values greater than 0.01 lux, and most of the rest of the cave has light as well. Temperature and relative humidity were relatively constant, but they showed a daily cycle at all stations, albeit with different strengths. Organic matter averaged 8%, intermediate in value between surface and aphotic zones. Both eyeless species and eyed predators occurred throughout the cave. Their occurrence can best be explained by their foraging for organic matter and incurring an increased risk of predation.
INTRODUCTION
All of life dwelling on the Earth's surface is attuned to the daily light-dark cycle. In this cycle, light is present throughout the night, and many species adapt to the low light of dawn, dusk, and night (Johnsen, 2012) . These adaptations typically include modifications to eye structure and function that increase visual acuity in dim light (Kelber et al., 2002; Tierney et al., 2017) , and the evolution of echolocation in bats and some birds. Even more fundamentally, the light-dark cycle entrains the circadian clock, which in turn regulates physiological functions.
Even more profound is the complete absence of light in habitats such as caves, deep soil, turbid freshwater rivers, termite mounds, and other aphotic habitats (Culver & Pipan, 2014; Fenolio, 2016) . Adaptations to total darkness are more extreme. The most common aphotic environment, or more properly an aphotic environment in the absence of bioluminesnce, is the deep sea. The widespread occurrence of bioluminescent organisms in the ocean depth, evolved for species and sex recognition, predation, and predation avoidance (Johnsen, 2012; Fenolio, 2016) , is testament to the power of the absence of light as a selective force. Cave life is best known for the nearly universal occurrence of blindness (or extreme eye reduction) and pigment loss (or reduction), features often found in inhabitants of other aphotic environments (Fenolio, 2016) . While many cave dwelling species retain a functional circadian clock (Friedrich, 2013) , how it operates in darkness remains a puzzle.
Caves have a transition zone with respect to light, one that mimics that transition from day to night on the Earth's surface. Unlike the daily cycle of light and dark, which is well characterized with respect to light during the night (Johnsen et al., 2006; Johnson, 2012) , the transition from light to dark at the entrance to a cave is not well described, nor is it considered of particular importance because of the relatively abrupt transition to total darkness. Typically, the transition zone is short (only a few meters) and there is in fact a distinct fauna of the twilight zone of cave entrances, one that is dominated by groups that are not found in the aphotic zone of caves, such as frogs (Graham, 1962) and moths (Graham, 1968; Taylor et al., 2010) .
The fauna of the aphotic zone is distinct. The most common feature of the inhabitants of caves and other aphotic subterranean environments is that they typically harbor species with morphological characteristics that only make sense in aphotic environments (Mejía-Ortíz, 2005; Culver & Pipan, 2009) . Most prominent among these subterranean associated features are the loss of eyes and pigmentation, and increased extra-optic sensory structures. These dark zone specialists are highly vulnerable to eyed surface-dwelling predators, and perhaps to UV radiation (Fišer et al., 2014) . Nearly all such specialists (termed troglomorphs by Christiansen (1962) are limited to aphotic environments, with a few exceptions that are sink populations (Trajano & de Carvalho, 2017) , populations in decline in the absence of immigration (Pulliam, 1988) .
Subterranean (aphotic) habitats, including noncave habitats such as the underflow of rivers (Malard et al., 2000) , talus slopes (Růžička, 1990) , and groundwater aquifers (Longley, 1984) , have reduced annual and daily fluctuations in temperature, relative humidity, and other environmental parameters (e.g., Eigenmann, 1909; Pipan et al., 2011) . This relative constancy of the environment may also be a selective factor in the evolution of subterranean species, especially in having to cope with the absence of daily cycles (Poulson, 1963) . Howarth (1980) argues that relative humidity itself is an important selective factor and a factor that isolates animals in caves because of cuticular thinning. More generally, reduced organic matter and nutrients have been invoked as important selective factors in the evolution of reduced metabolic rate (Hüppop, 2000) , foraging behavior (Bilandžija et al. 2013) , and increased egg size (Rouch, 1968) . However, Culver (2012, 2015) argue that the dominant selective force that differentiates surface and subterranean environments is the presence or absence of light.
There are of course many dimly lit (twilight) habitats such as soil, leaf litter and deep aquatic habitats. Light very rapidly declines in soil, with less than 99% of light remaining after one mm (Ciani et al., 2005) . Light penetrates farther in leaf litter, and its decline follows the Beer-Lambert law (Facelli & Pickett, 1991): where RI is relative illuminance, b is transmittance constant of litter, and M is the amount of litter per g/m 2 . Light loss in litter is strong, but since the Beer-Lambert law is exponential, small amounts of light penetrate deep into the litter. Often, species in these habitats have enlarged eye size in order to retain the ability to form images (Warrant, 2006; Tierney et al., 2017) . On the other hand, there are eyeless troglomorphic species known from twilight habitats (Prendini et al., 2009; Heads, 2010) . There are additional troglomorphic taxa from deep litter and deep soil, but rare in caves, such as Symphyla.
A cave in the Yucatan Peninsula of Mexico-Sistema Muévelo Rico-allowed us to examine and challenge the critical role of light in distinguishing between subterranean and surface habitats. As we describe in detail below, this cave, more than 1 km in length, has at least 12 openings to the surface, and very little dark zone. In fact, by some classifications, it is not even a cave because of the near absence of a RI = 100 e bM dark zone. By a strict definition of caves as zones of darkness, we would not expect to find species limited to caves (troglobionts) with reduced eyes and pigments (troglomorphic species). On the other hand, Sistema Muévelo Rico is an environment with greatly attenuated variation in temperature and relative humidity, and an environment where all or nearly all organic matter and nutrients come from the surface, also features typical of caves (Culver & Pipan, 2009) . In a contrasting view of the cave habitat, some authors (Moseley, 2009) , dating back to Racovitza (1907) argue that the real subterranean habitats, the one that harbors source populations of troglomorphic species, are the cracks and crevices found in any cave. Moseley (2009) proposes that all caves are ecotones. By this viewpoint, there should be no reduction in troglomorphic species in Sistema Muévelo Rico, and their presence in cave passages is a by-product of movement from the source population in the cracks and crevices.
Overall, our goals were to:
• Characterize the aspects of the atmosphere (temperature, relative humidity, and light) and lithosphere (soil organic matter) in this photic subterranean habitat.
• Characterize the biosphere, especially with respect to troglomorphic species and visually oriented predators.
• Re-examine the absence of light as the defining feature of subterranean environments.
• Explore the tradeoffs that troglomorphic species face between the negative features of light and the positive features of organic matter and relative humidity.
MATERIALS AND METHODS

Sistema Muévelo Rico
Sistema Muévelo Rico (20°32'05.1"N, 87°12'16.5"W) is located near the settlement of Paamul, in the Mexican state of Quintana Roo (Fig. 1) . Its surveyed length is 1,151 m with a depth of 4 m (QRSS, 2017). The cave, with an elevation of 7 m, is less than 2 km from the Caribbean Sea. Quintana Roo is characterized by intense cave development, with 1,367.5 km of surveyed underwater passages and 277.2 km surveyed dry passage (QRSS, 2017) . Land around the cave is a dense second growth subtropical forest.
Cave development in coastal regions like Quintana Roo involves dissolution of limestone at the saltwaterfreshwater interface in laminar flow regimes (Mylroie & Mylroie, 2007; Mylroie, 2013) , but also with modification by dissolution in freshwater turbulent flow regimes. Kambesis and Coke (2013) describe the passage geometry of caves like Sistema Muévelo Rico as linear phreatic. Due to uplift of the Yucatan platform, caves become dry and rapidly erode in the eogenetic limestone (Spaw, 1978; Kambesis & Coke, 2013) . As a consequence, Sistema Muévelo Rico has a large number of entrances, more than 12, if skylights are included. Because of the close proximity of the water table to the surface, vertical development and subterranean terrestrial habitats are very restricted. 
Environmental sampling
We established eight environmental monitoring sites in the cave ( Fig. 1) . At all eight stations, we installed Hobo TM temperature and relative humidity dataloggers for a period from 5 April 2015 to 28 March 2016, resulting in a total of 8593 observations at each site. One of the stations was at the main entrance to the cave. At stations 1 through 4, Hobo TM Pendant temperature/light dataloggers sensors were installed. Unfortunately, light levels were all below the detection limit of the device, which in any case measures relative light intensity.
Light was measured in March 2017 using a Konica Minolta TM T-10A/T illuminance meter with a detection limit of 0.01 lux. Measurements were taken at midday (11:00AM to 1:00PM). We established a number of transects in the cave running from entrances (including skylights) at 5 m intervals up to a distance of 30 m. In most cases, measurements were also taken at 1 m intervals for the first five m from the entrance. In addition, we measured light at each of the eight sampling stations, as well as at additional points within the cave. All in all, we had 75 measurements of light. We also did repeated samples at one minute intervals at a skylight and 2 m from the skylight to assess variability over short time periods.
In order to determine whether any light was present, photographs in the direction of an entrance were taken using a Nikon TM D5100 digital camera at a light sensitivity of ISO 6400. Photographs were taken at all eight stations, using an automatic exposure.
Percent organic matter was estimated from cave soil samples taken from the top 1 cm at all eight stations, one from the small completely dark zone, and one from five additional entrances. No surface samples were taken. Samples were dried at 70°C for 48 hours. An aliquot was weighed and placed in a muffle furnace at 500°C for one hour, and weight loss was used to measure the weight of organic matter.
Fauna sampling
At three month intervals during the environmental monitoring year, careful visual censuses (a minimum of 20 person-minutes) of all the organisms with a 2 m radius of the monitoring devices were done. Representative samples of each species were collected and preserved in 70% alcohol. Because most of the species are undescribed, we categorized them according to broad taxonomic group. Focus was on two ecological categories-pigmented and eyed predators, and species showing obvious troglomorphic characteristics of reduced eyes and pigment, and elongated appendages. Additional one time only biological collections were made in the completely dark zone, and at two entrances in March of 2017. 
Data analysis
Temperature and relative humidity data were plotted in Excel TM . Statistical analysis was done in JMP TM , including spectral analysis to determine if any 24 hour cyclicity occurs. A map of light intensity was created from the illuminance meter data, as well as direct observation, using the following categories:
• No light detectable either by the illuminance meter, Nikon TM D5100 photographs, or by the human eye • Trace light-not detectable by illuminance meter (>0.01 lux) but detectable by Nikon TM D5100 photographs and by the human eye.
• Dim light-0.01 to 1 lux • Moderate light-1 to 100 lux • Daylight->100 lux
RESULTS
Temperature and relative humidity
Variation in temperature and relative humidity is summarized in Table 1 and Fig. 2 . At all seven stations, temperature was more variable than relative humidity, according to the coefficients of variation. Unfortunately, the datalogger at station 8 failed, and no data were available. At all measured stations, there was a noticeable drop in winter temperatures, and overall, stations 4 and 5 were the most variable, with ranges of more than 12°C (Table 1) . Station 5 is located right at the main entrance to the cave (Fig. 1) . All stations had a temperature range of at least 6°C.
Relative humidity (RH) presented a more complex pattern with different patterns at different stations (Table 1, Fig. 2 ). Stations 1, 3, and 6, were very stable throughout the year, with RH always above 92%. Station 2 showed consistent lower RH in winter and spring, with minimums below 90%. Station 7 had a RH minimum similar to that of Station 2, but RH was 100% most of the year, except for a brief period in the spring. Stations 4 and 5 showed consistent lower RH in spring and variable RH in the winter, with minimums below 80%.
Spectral analysis of variation in temperature showed a peak cycle at 24 hours, although the strength (spectral density) varied considerably among stations (Fig. 3) . Stations 4 and 5 showed a strong daily cycle (spectral density greater than 30), stations 1 and 2 a moderate cycle, and stations 3, 6, and 7 showed a weak cycle (spectral density less than 5).
Spectral analysis of variation in relative humidity showed a somewhat different pattern (Fig. 4) Table 1 . Means, standard deviations, coefficients of variation, medians, minima, and maxima for temperature and relative humidty for stations 1 through 7 (see Fig. 1 ). No data are available for station 8 because of logger failure. Based on 8,593 hourly readings.
4 and 5 had strong daily cycles (spectral densities greater than 100), and only station 2 had a moderate cycle. Stations 1, 3, 6, and 7 had very weak cycles, with spectral densities less than 2. Of course, it is not known if organisms can detect these weak cycles.
Light
Because light incident on the surface varies, we estimated the extent of mid-day variation at the skylight near the entrance Baile de Pollo. The mean lux directly beneath the skylight was 110.7, with a coefficient of variation of 49.6% for measurements taken at one minute intervals for ten minutes. At a distance of 2 m, mean lux was 0.24 with a coefficient of variation of 40.2%. Because of this variation, we lumped values into large categories. These data also illustrate how rapidly light falls off from vertical skylights. Even for horizontal entrances such as Cumbria, the fall-off of light is rapid. After 15 m, lux were reduced from 576 to 22 (Fig. 5) .
Photographs were taken with a Nikon D5100 digital camera using the high sensitivity of the camera to detect the light. In each of the established sampling sites light could be detected as shown in Fig. 6 . And only in the area that was previously designated as completely dark with the light meter and the human eye was the image completely dark (not shown). Figure 7 shows light zonation in the cave. Incident light in the large gray area in Fig. 7 was not detectable with our light meter. However, throughout this area, we could detect light, from one or more entrances or skylights. This light is less than 0.01 lux but greater than zero, as is possible to see in the images of Fig. 6 . There is a small true dark zone, at least sense that neither the meter nor the human eye could detect light.
Organic matter
Percent organic matter in the twilight zone averaged twice that of the dark zone, but the dark zone was based on a single measurement (Table 2) . Entrance values in turn averaged more than three times that of the twilight zone stations. The exceptionally high value at the skylight near the Baile de Pollo entrance was likely due to the presence of guano. Sources of organic matter in the cave are bat guano, guano from other cave visitors, aerial movement of detritus and other particulate organic matter, and tree roots penetrating into the cave. Flooding is high unlikely because of the highly porous nature of the limestone. 
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Fauna
A total of six groups of troglomorphic taxa were found, based on their reduced eyes and pigment:
• Araneae A total of seven groups of eyed predators were found: Reddell (1981) states that Paraphrynus raptator (Amblypygii) is a widespread and common troglophile in caves in Quintana Roo, and perhaps was the species we saw.
The distribution of these taxa with respect to the eight monitoring stations is shown in Fig. 8 . There is little or no difference in the distribution of the eyed predators and the troglomorphic taxa, their potential prey. A similar diagram of distribution for troglomorphic and eyed predatory taxa, based on light intensity, is shown in Fig. 9 , where additional information on occurrence was included for two entrances and the dark zone, sampled in March of 2017. The dark zone is of particular interest because only one troglomorphic taxon (Araneae) was observed.
The pool near Entrada Cumbia (Fig. 1) is connected to groundwater, and in a zone of illuminance of between 100 and 500 lux. Four species of stygobionts, all with reduced or absent eyes and pigment were found within 1 m of the surface of the pool: Antromysis cenotensis (Mysidacea), Creaseriella anops (Isopoda), Typhlatya mitchelli (Caridea), Creaseria morleyi (Caridea), and T. pearsei (Caridea). No other macroinvertebrates or vertebrates were observed.
DISCUSSION The environment in Sistema Muévelo Rico
The environment of Sistema Muévelo Rico shares characteristics of both epigean and subterranean habitats. It shares with epigean habitats the presence of light and diurnal cycles of temperature and relative humidity, but these features are greatly diminished relative to epigean habitats. On the other hand, the very high relative humidity, often at saturation, is typical of subterranean habitats.
We have no local data from either caves or surface habitats to compare values of organic matter, but the values listed in Table 2 in Kentucky (Poulson & Culver, 1969) , which averaged 3.02% (S.E. = 0.24, n = 22). Within Sistema Muévelo Rico, the dimly illuminated part of the cave is richer in organic matter than the dark zone, and it would seem very likely that cracks and crevices have even less organic matter because transport to the cracks and crevices must be much less than transport to the small aphotic zone of the cave.
Very little of Sistema Muévelo Rico is aphotic, and an apt description of the environment is a "photic subterranean environment". While the cave is certainly unusual, the light environment of the cave is hardly unique. A number of nearby caves, such as Sistema Pata de Jaguar, have extensive zones very similar to Sistema Muévelo Rico, but connected to an even larger aphotic zone. Additionally, every cave has an entrance zone where light diminishes with distance into the cave. Because the decline of light in shallow habitats like leaf litter and soil is exponential, according to the Beer-Lambert law (Facelli & Pickett, 1991) , light may extend farther into the ground in these shallow subterranean habitats than previously believed. What makes Sistema Muévelo Rico special is that light occupies nearly all of the cave, which is itself quite long (>1km), and that troglomorphic species are found throughout the cave.
We do not know the values of illuminance below 0.01 lux, but roughly half the cave has illuminance values below this. In these parts of the cave, light appears as points, which are the entrances and skylights. By way of comparison, the illuminance of a quarter moon night sky is 0.01 lux, and a clear moonless night is 0.001 lux (Johnsen, 2012) .
The environment of Sistema Muévelo Rico with respect to natural selection
We have shown that eye reduced species occur in Sistema Muévelo Rico, and this suggests that either the ability to form images in these low light environments is so reduced as to make only the detection of light important (especially for circadian clocks, see Friedrich (2013) , or that the primary habitats of troglomorphic species are the cracks and crevices of the limestone, which are more extensive in these eogenetic limestones than in older, more compressed limestones. That cracks and crevices are the primary habitat of obligate subterranean dwelling species is the view of Racovitza (1907) , Karaman (1954) , and Moseley (2009) . The issue is not really whether the species utilize cracks and crevices. The answer is certainly that they do. The issue is why relatively large numbers are found in the cave passage. It seems unlikely that the individuals in the cave itself have just blundered into the cave, but rather that there is something in the larger passages that brings Fig. 7 . Map of zones of incident light in Sistema Muévelo Rico. Red color is day light; Green color is indirect daylight (>100 lux); Yellow color is moderate light; Blue color is dim light; grey color is trace light; and black color is the true dark zone.
out troglomorphic species from the relative safety of cracks and crevices to face and increased number of predators. The most likely reason for their presence in the cave itself is that there is more organic matter in the large passages than in the cracks and crevices. It would seem that just as there is no fauna limited only to caves, as Karaman (1954) suggests, there is no fauna limited only to cracks and crevices.
It is possible that the number of troglomorphic species we observed is reduced relative to aphotic caves. It is difficult to answer this question definitively because of the lack of studies of the terrestrial cave fauna of the region. Palacios-Vargas et al. (2014 -2015 list a large number of facultative cave dwellers from Quintana Roo, several times more than the number of troglobionts. This suggests that the troglomorphic fauna of Quintana Roo is not particularly diverse. This is in contrast to the relatively rich troglomorphic aquatic fauna (Mejía-Ortíz et al. 2013) .
The other issue is why there do not appear to be any species adapted to low light, with larger eyes, but there are others ways to increase light sensitivity beyond increased eye size. Perhaps illuminance is too low for image formation so that larger eyes have The presence of dim light may explain the widespread ability of apparently cave-limited species to detect light and to have a biological clock (Friedrich, 2013) . Perhaps these species also encounter photic subterranean environments. Photic habitats, even dimly lit ones, are both a source of food and a source of danger from visually oriented predators for any species primarily living in aphotic habitats. At low illuminance, that danger from visually oriented predators may be quite low.
For stygobionts in the cave, almost certainly the primary habitat for these species is the deeper, dark zone, and is likely that their presence near the surface in a relatively well-lit pool is the result of active foraging in an area of higher levels of organic matter. The cost of this activity is the risk of predation, but we saw no predators in the pool.
Future research and unanswered questions
Almost all aspects of this study could be fruitfully explored in more detail. First, while technically difficult (see Johnsen, 2013) , the measurement of illuminance below 0.01 lux would be informative. The measurement of light in Sistema Muévelo Rico is actually easier than in many photic subterranean habitats like leaf litter because the habitat itself in the cave need not be disrupted in order to measure light. Second, the scenario that we have put forward here, that this dimly lit habitat is a habitat with both risks (predation) and rewards (more food) needs verification, both by careful observation of the inhabitants of Sistema Muévelo Rico and by expansion to other Table 2 . Percent organic matter at the eight monitoring stations, four additional entrances and skylights, and one sample from the aphotic zone. Station 5 is listed with the entrances because it was located at the main entrance to the cave. caves, ones with larger dark zones. This would allow examination of the question of how many of the regional species pool of troglobionts are found in the dimly lit areas. Third, greater taxonomic precision would be useful. Most importantly, the fauna and environment of Sistema Muévelo Rico should be cause of reexamination of the boundary between light and dark, and the interactions occurring at this boundary.
CONCLUSIONS
Sistema Muévelo Rico is an environment that is intermediate between photic and aphotic environments. The cave is aphotic in only a small section, but in most of the cave, illuminance is less than 0.01 lux. In other respects, the environment is intermediate-a reduced cyclicity and variability of temperature and relative humidity occurs. Organic matter is also intermediate, with an average of 8.5% in the cave. The invertebrate fauna of the cave includes both aphotic subterranean and photic surface fauna. Both components occur throughout the cave. The subterranean fauna likely occurs primarily in cracks and crevices, but forages for food in the cave itself. 
